ABSTRACT The tailings dam, a necessary facility to maintain the normal operation of mining enterprises, is a hazard source of human-caused debris flow with high potential energy. The real-time pre-alarm for the instability of tailings dam is vital to ensure the normal mining and safety of human lives and properties. Based on the Internet of Things and wireless networks, the multiple and the key information system of tailings dam is constructed using the sensor data, which include the stability indexes like phreatic line, reservoir water level, internal and external deformation of the tailings dam. The cloud platform is applied to predict the future state of the phreatic line based on real-time monitoring data, where the equation of phreatic line can be obtained. The numerical simulation model is established by considering the predicted equation of phreatic line, limit equilibrium state parameters, reservoir water level, and rainfall. Then, the safety factor, random reliability, and interval non-probabilistic reliability can be solved out through the cloud platform. Combined with the trend of real-time monitoring deformation, as well as calculated dynamic safety factor, random reliability, and interval non-probabilistic reliability, the stable or dangerous warning signals of tailings dam can be obtained by the remote real-time pre-alarm system. The main solved method for the key parameters and pre-alarm process are presented through a case study. It is proved that the pre-alarm system is an efficient and real-time platform for the tailings dam stability with the integration and mutual validation of key information.
I. INTRODUCTION
The tailings dam is a necessary facility to maintain the normal operation of mining enterprises, but it is a hazard source of man-made debris flow with high potential energy. Its stability and security are vital to the normal production of mining enterprises and the regional ecological security [1] - [3] . Therefore, it is very important to investigate the early warning of the tailings dam failure.
Some useful early warning and monitoring methods were developed to analyze or monitor the conditions of tailings dam. Li et al. [4] presented a new prediction method for phreatic line based on the support vector regression and the monitoring data of tailings dam. Yuan et al. [5] proposed a mathematical model of tailings dam failure according to some practical data of broken tailings dams. Wang [6] applied the grey theory and support vector machine to the prediction of tailings dam displacement and phreatic line based on the monitoring results of tailings dam displacement and phreatic line, which provided a new method for the stability analysis and reliability prediction of tailings dam. Jiang and Tang [7] and Tang et al. [8] proposed a general approximate method for the groundwater response problem caused by water level variation, and they also investigated the approximate analytical solution to the Boussinesq equation with a sloping water-land boundary, which can be used to determine the phreatic line under different water levels in tailings dam under the conditions without the measured data of observation holes. Blight [9] studied the dam failure of 5 ring tailings dams in South Africa. It was concluded that the transport distance of tailings flow was related to the dry and wet state of the ground surface, and the tailings flow in the wet surface was longer than that in the dry surface. Moxon [10] discussed the accident of tailings dam of Los Frailes mine in southern Spain, and proposed the measures to prevent dam failure. Rico et al. [11] established the relationship between the geometric parameters of tailings dam (dam height, storage etc.) and the fluid characteristics induced by tailings dam failure, based on the effective information of collected and summarized historical accidents of tailings dam. It provides an important guidance to analyze the relation between the disaster evaluation and parameters of tailings dam failure. Wei et al. [12] determined the monitoring parameters of tailings dam, including reservoir water level, dam displacement, phreatic line and dam video, to analyze the principle of tailings dam failure thoroughly. They also developed the safety monitoring and warning system for tailings dam. Li [13] monitored the tailings dam subsidence with high-precision EDM trigonometric leveling, established the model of subsidence monitoring data, and discussed the law of subsidence to predict the change trend of subsidence.
For the works of stability evaluation, the currently used safety factor method [14] and random reliability method [15] are not effective to solve the problem of real-time stability for tailings dam. The reason is that the safety factor method cannot consider the randomness of parameters. Although the random reliability method takes the randomness of the parameters into consideration, the coefficient of variation is often assumed or obtained by simple calculation without taking into account the time correlation, due to the huge workload and high cost of the repeated trial in the actual project. The interval non-probabilistic reliability analysis methods for structures [16] - [22] based on interval theory provide a useful approach to evaluate these uncertainties. Interval values can reflect the uncertainty of a parameter value better when the number of samples is scarce, thus reducing the demand for data information. Dong et al. [23] , [24] developed interval non-probabilistic reliability for tailings dam and jointed surrounding rockmass. In this paper, the safety factor, random reliability, and interval non-probabilistic reliability are used to evaluate the tailings dam stability comprehensively.
However, it can be clearly found that existent manual or automatic intelligent monitoring methods are based on the already produced macro deformation, stress and water level of dam. They do not have the functions to evaluate the stability conditions, where the future trend is predicted with the monitored information.
In view of this, we use multiple information to establish a pre-alarm system of tailings dam in this paper. After analyzing monitoring data and predicting the development trend, the numerical simulation is used to evaluate the future situations of tailings dam, which plays an important role in early warning and control for the potential risk of tailings dam. In recent years, the Internet of Things (IOT) [25] , cloud computing (CC) [26] , wireless sensor networks [27] - [29] , artificial intelligence [30] - [32] , and numerical simulation technologies have provided a good technical guarantee for the achievement of this goal.
Therefore, the wireless network system for tailings dam with multi information is constructed by using the sensor to detect the phreatic line, water level of the monitoring hole, internal and external deformation, and the reservoir water level, which affect the stability of the tailings dam. In the cloud platform, firstly, the future state of the phreatic line is predicted based on the real-time monitoring data using artificial intelligence method. Secondly, the phreatic line equations are taken into the numerical model to solve out key stability parameters, which include the safety factor, random reliability and interval non-probabilistic reliability. In the application system, combined with key stability parameters and the trend of real-time monitoring deformation, as well as the crack propagation, the disasters of the tailings dam situation can be remotely and early alarmed.
II. THE HIERARCHICAL STRUCTURE OF PSRMNS-IOTCC
It is common that the conventional detection and monitoring system are used to calculate the operation parameters and evaluate the safety level of the tailings dam. However, some serious problems including the incompleteness of the traditional detection and monitoring system, the backwardness of the detection and monitoring technology, and the lack of the professional technical persons cause the great safety hazards for numerous tailings dams in the worldwide. Although the measurements will be performed regularly by technical persons using the traditional instruments, there is no doubt that the systematic error and manual operation error are inevitable due to the effects of weather, personal technique and experience, as well as the site conditions, which will affect the safety management level of the tailings dam. Therefore, it is necessary to develop and achieve the automatic and real-time monitoring for various parameters and indexes of the tailings dam based on the modern communication technology and equipment, as well as the computer technology.
In view of the above-mentioned facts, the pre-alarm system based on real-time monitoring and numerical simulation using Internet of Things and cloud computing for tailings dam in mines (PSRMNS-IOTCC), which is integrated through the IOT and the CC, were developed to comprehensively monitor the safety situations and pre-alarm the possible hazards of the tailings dam. Firstly, through multiple types of wireless sensors laid at the specific places of the tailings dam, the corresponding data can be received and uploaded to the cloud computing platform through the internet. Then, they will be processed by the cloud computing platform through the calculation of parameters and indexes, which are necessary and significant for the safety analysis of the tailings dam. Finally, the calculation results will guide the practical applications. The hierarchical structure of PSRMNS-IOTCC for the tailings dam is shown in Fig. 1 , where the four layers are the sensing layer, the IOT layer, the CC layer, and the application layer.
A. THE SENSING LAYER
The sensing layer is not only a fundamental layer, but also an essential layer of the PSRMNS-IOTCC, which contains hydrostatic pressure monitoring, upstream rainfall monitoring, water level monitoring, dry beach length monitoring, horizontal displacement monitoring, internal deformation and stress monitoring, seepage monitoring, fracture monitoring, and subsidence monitoring. The schematic diagram of safety monitoring for the tailings dam is shown in Fig. 2 , where the monitoring contents are exhibited clearly and particularly. A mass of data that reflect and explain the physical situations are obtained from various kinds of sensors, such as the water level sensor, water pressure sensor, displacement sensor, and stress sensor. The sensors used in the sensing layer are wireless sensors, which can work as nodes for the wireless sensors network with low power consumption and time synchronization. In addition, they can communicate with each other continuously for dozens of hours through the wireless medium, which are more stable and efficient compared to the sensors in the traditional sensors network.
B. THE IOT LAYER
The IOT layer is the second layer of the PSRMNS-IOTCC, which consists of the remote control, data acquisition system, radio access, wireless sensor network, distributed stations, the time synchronization clock, and wireless network. Based on the received data from the sensing layer, the data can be uploaded to the cloud computing platform through the Internet for further process. Thus, it can be seen that the IOT layer is the connection bridge between the sensing layer and the CC layer. As the application of wireless sensor network, distributed stations, and wireless network, there will be an obvious improvement for the speed and stability of data transmission, which is exactly the basis for the real-time monitoring and pre-alarm system of the tailings dam.
The CC layer includes the prediction of phreatic line, limit state equation, numerical simulation, safety factor, random reliability, and interval non-probabilistic reliability, which is the third layer of PSRMNS-IOTCC. With the data transmitted from the IOT layer, the important parameters including the phreatic line, safety factor, random reliability, and interval non-probabilistic reliability can be solved through the cloud computing platform. Besides, these calculation results are also stored in this cloud computing platform, which means that the calculated results can be downloaded from the platform whenever the need arises. Therefore, a great convenience and sufficient data will be provided for the safety monitoring of the tailings dam.
D. THE APPLICATION LAYER
The top layer of PSRMNS-IOTCC is the application layer, which includes the intelligent control, sound-light pre-alarm, visualization status of tailings dam, and emergency rescue plan. According to the output results from the cloud computing platform, the safety degree can be evaluated into three levels, which are the level 1 pre-alarm, the level 2 pre-alarm, and the level 3 pre-alarm, respectively. The level 1 represents the slight safety hazard, the level 2 represents the middle safety hazard, and the level 3 represents the serious safety hazard. Fig. 3 shows the real-time pre-alarm platform, which is based on the internet of things, cloud computing, and numerical simulation. 
III. A CASE STUDY AND DISCUSSION
The sensor networks are arranged to monitoring the physical data of the tailings dam. The data of the displacement of the monitoring points, the sedimentation of the monitoring points, and the water level of the monitoring holes are obtained. The physical composition of the tailings dam is shown in Fig. 4 , and the main physical and mechanical parameters of the tailings dam are listed in Table 1 . The variation tendency for the water level of the phreatic line is shown in Fig. 5 .
The phreatic line is predicted by training the data of water level of the observation holes using coupled model of grey model and generalized regression neural network (GM-GRNN) in the cloud platform. The specific procedure of the coupled model is shown in Fig. 6 . Then, the equation of phreatic line for the future state can be obtained.
The specific application steps of coupled model GM-GRNN are stated below:
• In the GM, it is feasible to obtain the GM (1, 1) through the data training with the established model, where the data contain the monitoring time and the water level of monitoring hole of the tailings dam.
• Based on the obtained grey model, the future variation for water level of monitoring hole of the tailings dam can be solved. Then, the prediction sequence will be obtained.
• Taken the prediction value, dam height, and reservoir water level as the input data, the generalized regression neural network is trained with the data of initial water level of monitoring hole are taken as the expectations. According to the grey prediction values of the months to be predicted, dam height, and reservoir water level, the corresponding output factors of water level can be obtained, which are exactly the output of network. Then, the GRNN model can be established. As the performance of the network is also affected by the smoothing factor, the optimal value will be determined through repeated calculation.
• In the established GRNN model, the prediction value for water level of monitoring hole with sufficient precision can be obtained, when the prediction values of grey model for the years to be predicted, dam height, and reservoir water level are input. Then, the prediction of phreatic line will be accomplished smoothly. The numerical simulation model is established through considering the predicted equation of phreatic line, the limit equilibrium state parameters, and reservoir water level. The main solved processes for the main parameters, which include the safety factor, random reliability, and interval nonprobabilistic reliability, are presented following. As shown in Fig. 7 [23] , the equations of the sliding face, the slope, and the phreatic line are f (x), g(x), and ω(x), respectively. W indicate the area of the part fgBf modeled by the phreatic line, the slope and the sliding face. D is the hydraulic force acting on the part fgBf. The arm of the hydraulic force to the center of sliding face is L 1 . h 1i and h 2i indicate the length of the vertical tailings above and below the phreatic line respectively. c and ϕ are the cohesion and the internal friction angel. γ , γ w , and γ sat are the mean unit weight of the tailings, the unit weight of the water, and the saturated unit weight of the tailings.
The equation of sliding face can be expressed as
The equation of the slope can be expressed as 
The equation of the phreatic line can be expressed as 
The limit state equation of the tailings dam failure can be written as
where: 
The safety factor and random reliability can be expressed as (10) and (11) .
According to the interval value standardization method, the limit state equation (4) is transformed into standard form, namely,
where: R and S indicates resistance and sliding load. According to above theory and processes, the safety factor, random reliability, and interval non-probabilistic reliability can be solved out using the cloud platform of the PSRMNS-IOTCC.
From the IOT layer of the PSRMNS-IOTCC, Fig. 8 shows that the maximum displacements of X-axis and Y-axis are about 36 mm and 15 mm, respectively. The composite displacement is about 37 mm. The subsidence reaches greater than −100 mm. From the CC layer of the PSRMNS-IOTCC, the dynamic safety factor, random reliability, and interval non-probabilistic reliability can be obtained, which are 2.143, 1.184, and 0.798, respectively. Some key parameters and the numerical stimulation in the cloud platform of the PSRMNS-IOTCC are shown in Fig. 9 . Combined with the trend of real-time monitoring deformation, calculated dynamic safety factor, random reliability, and interval nonprobabilistic reliability, the random reliability and the safety factor show that the tailings dam is in a reliable status, while the interval non-probabilistic reliability indicates that the tail- VOLUME 5, 2017 ings dam is likely to lose the stability condition, for which that the interval non-probabilistic reliability is more conservative than the other two parameters. According to the results of the interval non-probabilistic reliability and the subsidence with greater than -100 mm, the safety level is evaluated as level 1. Therefore, the measurements corresponding to the level 1 prealarm condition should be prepared and performed, to ensure the safety of the tailings dam.
The developed PSRMNS-IOTCC takes full advantages of the internet of things (IOT) and cloud computing (CC), which have the characteristics of fast data transmission speed and cloud data integration platform, to achieve the real-time monitoring for the safety of the tailings dam through the integration and mutual validation with plenty of key information. Based on the cloud platform and monitored data of phreatic line, the trend of tailings dam can be predicted using the grey neural network. Combined with the calculated safety factor, random reliability, and interval non-probabilistic reliability, it is feasible to predict the future stability conditions considering the dynamic phreatic line for the tailings dam.
IV. CONCLUSIONS
As the continuous improvement of resources mining industry, the safety of tailings dam is becoming a significant and urgent problem need to be solved. The tailings dam is one of humancaused hazard sources with high potential energy. Therefore, the PSRMNS-IOTCC was developed for the tailings dam using the internet of things and could computing. Based on various kinds of sensors laid at specific places in the tailings dam, the plenty of data, which explain the physical conditions, including the phreatic line, water level of the monitoring hole, internal and external deformation, rainfall, and reservoir water level can be obtained from the sensing layer. Then, the wireless network can be established for the tailings dam with multiple key information. Furthermore, the future equation of phreatic line can be solved on the basis of the real-time monitoring data of current phreatic line using the coupled grey and generalized regression neural network, with the established cloud computing platform, which means that the future state of phreatic line can be predicted reasonably. The key parameters including the dynamic safety factor, random reliability, and interval non-probabilistic reliability will be solved through the integration of the real-time monitoring data, as well as internal and external deformation of the tailings dam. The case study shows that the dynamic safety factor, random reliability, interval non-probabilistic reliability, and subsidence are 2.143, 1.184, 0.798, and greater than −100 mm, respectively. Considering the conservatism of the interval non-probabilistic reliability and the great subsidence of the tailings dam, it should be evaluated as the level 1 pre-alarm, to make sure the stability and safety of the tailings dam. Though the data analysis and practical application, it is proved that the developed PSEMNS-IOTCC can not only achieve real-time monitoring efficiently for the tailings dam, but also can calculate the key parameters to perform the evaluation of pre-alarm level, which is a novel idea and effective application for the safety assurance of the tailings dam.
